Abstract: In the present study we report on the reduction of physiological rhythms in hemodynamic ((de)oxy-Hb) signals recorded with functional near-infrared spectroscopy (fNIRS). We investigated the use of three different signal processing approaches (spatial filtering, adaptive filtering and transfer function (TF) models) to reduce the influence of respiratory and blood pressure rhythms on the hemodynamic responses. The results show that all three methods are promising for reducing the influence from oxy-Hb signals, but only TF models fit for deoxy-Hb signals.
Introduction
In recent years multichannel fNIRS has been used to study hemodynamic responses (changes of oxygenated (oxy-Hb) and deoxygenated hemoglobin (deoxy-Hb)) of the cerebral cortex to cognitive, visual and motor tasks and was also proposed as a novel approach in the field of brain-computer interface (BCI) research [1] . A common challenge for using fNIRS is stable and reliable investigation and classification [1, 2] , of spatio-temporal hemodynamic patterns. For this it is essential to reduce the influence of physiological noise. A spectral analysis of the optical signal reveals various quasi-periodic physiological rhythms, such as cardiovascular, vascular, respiratory and 3
rd order blood pressure (BP) rhythms, which may influence the recorded signals [1, 3] and superimpose the changes caused by cerebral activation. However, this fact is neglected by the majority of fNIRS studies. The sources of these influences are located in the tissue overlaying the brain as well as in the brain tissue itself. To decrement the influence of these global interfering signals, different methods are suitable. The aim of this work is to compare three different approaches (spatial filters, adaptive filtering, and transfer function (TF) models) which reduce the systemic influences (respiration and BP waves) in the recorded fNIRS signals.
Methods
Data acquisition: The investigations were carried out on a group of five male subjects (aged 24.4 ± 3.1 years). The subjects performed 24 trials of cue-based mental arithmetic tasks (MA, serially subtract a one-digit number from a twodigit number for 12 s). For fNIRS recordings a multichannel continuous wave system (NIRScout1624, NIRx Medizintechnik, GmbH) was used. Additionally, the continuous BP signal (CNAP T M Monitor 500, CNSystems Medizintechnik AG) and the respiration (resp) were recorded. From the BP signal the diastolic BP (BPdia) was extracted. These two signals (BPdia and resp) were band-pass filtered between 0.07-0.13 Hz and 0.2-0.4 Hz, respectively, and used in the TF approach to reduce the systemic influences in the recorded (de)oxy-Hb signals. In the following short descriptions of the used approaches are given: Spatial filtering: Some methods to reduce the physiological noise evolve from approaches used in EEG analysis [2] . For example, spatial filters, like Laplacian derivation or common average reference (CAR), are used in the analysis of multichannel EEG signals. A new approach, for the first time implemented by our group in [4] , is the application of CAR on fNIRS data. The idea behind this approach is the fact, that the global interfering signals influence all channels. For this purpose the mean of all channels is calculated and subtracted from each single channel and for every time point of the (de)oxy-Hb signals.
Transfer function (TF) models: A novel approach in the field of fNIRS, developed by our group and included in BioSig (http://biosig.sourceforge.net), is the use of TF models which were initially proposed by Florian et al. [5] to remove respiratory sinus arrhythmia in R-R interval series. In our approach, by using the BPdia and resp signals, TF models were applied to remove the related influences from the (de)oxy-Hb signals. These models are described by
where X[n](n = 1, 2, 3, . . . ) denotes the time series of the recorded signal, g u (u = 1, 2, .., m) the model parameters, Y the systemic influence and N the signal without the influence. For further details see [5] . Adaptive filtering (AF): This approach was introduced by Zhang et al. [6] and the idea behind the method is using hemodynamic signals recorded from additional detectors (Near-Detectors; see Fig. 1A ) close to the sources to estimate changes in the overlaying tissue layers. These signals are further used by an adaptive filter (in the current study based on the Wiener-Hopf solution) to estimate global interference, which are then removed from the target signals [2] .
Comparison: To compare all approaches the signal-tonoise ratio (SNR) improvements (averaged over all channels) of the (de)oxy-Hb signals were calculated. Therefore the ratios of the power in the non-influenced "signal" bands (P sig ; 0-0.07, 0.13-0.20 and 0.40-0.8 Hz) and "noise" bands (P noise ; 0.07-0.13 Hz, for BP influence, and 0.2-0.4 Hz, for respiration) were calculated before (SNR raw ) and after (SNR clean ) applying the different approaches. Finally the SNR improvement was calculated as the ratio of SNR clean to SNR raw . Results Table 1 summarizes the SNR-improvement (%) in oxy-Hb and deoxy-Hb using the three different approaches. For oxy-Hb a mean improvement of 28.7% over all subjects was possible using the CAR method. The TF approach caused an improvement of 37.8% and the highest improvement (47.6%) was reached by the AF method. For a better visualisation of the improvements, Fig. 1B displays the averaged responses of (de)oxy-Hb (representative subject S1, channel 2) during MA task performance, and Fig. 1C the power spectral density (PSD, averaged over all channel) before (raw) and after applying the CAR, AF and TF method. For deoxy-Hb only the TF approach caused an improvement (13.8 ± 6.4%). In contrast CAR and AF displayed a mean decrease of -6.4% and -23.3%, respectively.
Discussion
Summarizing all three approaches produce large reductions in BP and respiration influences on the oxy-Hb signals and therout improve the SNR. In contrast, for deoxy-Hb signals CAR and AF did not improve the SNR, moreover these methods degrade the SNR. However, these results are in line with the findings of Zhang et al. [2] and can be explained by the fact that the global interfering signals are primarily seen in oxy-Hb, and less prominent in the deoxy-Hb signals [3] . Furthermore, by applying CAR or AF not only the physiological noise will be reduced, also the "signal" bands will be influenced, causing a general amplitude reduction over the whole spectrum (see Fig. 1C ) and thereout the SNR degrades. In contrast, for TF approach a small SNR-improvement in deoxy-Hb can be found, which can be explained by the fact that this approach only reduces the noise whereas the "signal" bands will not be influenced. Concluding, all three methods are promising for reducing the global influence from oxy-Hb signals, however CAR and AF should, in contrast to TF, be exclusively applied on oxy-Hb signals, not on deoxy-Hb.
